The secondary ion mass spectrometry method (ToF-SIMS) has been applied to the analysis of some mineral and organic species on the surface layers of airborne urban particulates. Particulate matter was collected on aluminum sheets of the 8-stage Anderson type cascade impactor from three different sampling sites in the city of Lodz, Poland, which were different in terms of aerosol source apportionment. The obtained results show that vehicle combustion products occur mainly in fine fraction with aerodynamic diameters below 1µm. The main contribution to the mineral components comes from direct and traffic related soil resuspension.
Introduction
Urban atmospheric aerosols consist of a complex mixture of both organic and inorganic compounds, partially uniformly distributed in the bulk phase. However, in the case of some species a substantial part of their total amount is deposited in the surface layers of the solid particles as a result of condensation occurring duing the aerosol formation stage and adsorption processes. This is what happens particularly for fine-grained particles [1] . The knowledge of concentration size-distribution is important not only from the point of view of aerosol formation but also for proper evaluation of the possible adverse effects on human health, caused by easy penetration of the pulmonary region by fine particles [2] .
The Lodz region of Poland is recognized as an area with a high level of air pollution. In this relatively small area of 400 km 2 with a dense population almost 1 million inhabitants, there are three big coal-fired power plants and several smaller local power plants.
Additionally, more than 50% of houses in the centre of the town, still have their own coal-based heating systems without fly ash removal systems [3] . Although during the last decade the dust emission from the industrial plants (point sources) have been considerably reduced, the role of other anthropogenic sources of aerosols, including traffic related emission, is growing. Apart from the household heating's so-called low emission, the contribution of the traffic component (linear emission) can be substantial for some parts of the town, since the city of Lodz is in the middle of Poland with the main north-south highway crossing the city. For the majority of European cities, road traffic is currently responsible for the main part of the total organic carbon and NO x emissions [4] . For this source of the particulate matter emission into the atmosphere, besides the direct vehicle exhaust also the traffic related resuspension of road dust must be taken into account.
Therefore, despite the previously mentioned reduced industrial activity, the emission of particulate matter in the Lodz city is established at a high level of 3100 Mg yearly, with 59% input of the low emission sources, 39% point sources (energetic coal combustion) and 2% linear emission [5] .
Although the pilot studies concerning the levels of several elements in total suspended matter (TSP) in the Lodz region showed concentrations comparable to those reported for other European cities [6] , in other studies the substantial concentration of several trace elements in fine fraction of the escaping fly ashes was also observed [7] . These ICP-MS measurements gave the average bulk concentrations for each particle fraction, completely dissolved prior to analysis. Therefore, it would be interesting to compare the size-distribution of the concentration of a chosen chemical species on the surface of urban air particulates, collected from different sites for possible evaluation of aerosol source apportionment.
For these purposes the SIMS method was applied. This method has proved its usefulness for the determination of inorganic and organic species on the surface of aerosols [8] [9] [10] [11] or even for depth profile analysis of individual particles [1, 12] .
Materials and methods

Sample collection
Samples were collected from approximately 1500 m 3 of air for a two-week period at each site during the March -May 2004 using an 8-stage cascade impactor series 20-800 MarkII (Anderson Instruments). For the average air flow rate of 70 dm 3 /min, eight fractions of particles in the range up to 10 µm were deposited directly on the aluminum plates in each stage of the impactor. The finest fraction with particulates below 0.4 µm was captured using a quartz filter. The samples collected on the aluminum dishes formed a set of concentrically deposited spots. The total mass of particular fractions ranged from 1 to 15 mg. The samples were taken at three sampling sites (Fig. 1) . The first sampling site (Meteorological Station at Kiliński St.) is characterized by heavy traffic and a relatively high contribution of the low emission from adjacent houses. The second site, inside the Institute of Applied Radiation Chemistry is located in the vicinity of a main road (100 m) and close to the biggest power plant in Lodz (100 m). The third sampling point at Szkolna St. was located in a suburban area with relatively lower traffic influence and exposed mainly to long-distance transport of aerosols. 
ToF-SIMS analysis
The spots on aluminum dishes were analyzed with a TOF SIMS IV instrument manufactured by ION-TOF GmbH, Münster, Germany. The part of surfaces of the individual spots (100 µm × 100 µm) with dense packed individual particles, were bombarded with a pulse beam of high energy (25 keV) primary Ga + ions. For each sample three spectra of the ejected species were collected with the acquisition time equal to 50 s and twice for 300 s. The first 50 s period was chosen to ensure the static mode of ToF-SIMS operation and two longer acquisitions were applied to provide higher peak intensities. Despite the longer lasting bombardment the analyzed species were basically ejected from the surface of the particles. The charged species having been ejected from the surface, both positive and negative were detected with time-of-flight mass analyzer. A flood gun was used for charge neutralization during spectra acquisition. The surface concentration of each ion species was characterized as emission intensity (number of recorded counts) of any particular ion.
Results and discussion
Mass size-distribution of airborne particulates in the sampling sites
The mass size-distribution of the suspended matter for three sampling sites is shown in Fig. 2 . The mass distribution curves are basically similar, although some differences are evident. The relative contribution of the three finest fractions <1.8 µm is the highest for suburban site (∼64%) and the lowest in the centre of the town (∼41% for Kliński St.). The opposite trend is observed for coarse particles with diameters >7.7 µm. For these fractions the highest input (∼30%) occurs in the centre, while the lowest (∼14%) in the suburban area. The comparable input of the fine particles in the whole town (∼61% for the third site) clearly shows that long distance transport of these particles, generated mostly by escaping fly ash from power plants is a substantial source of the urban dust. However, in the centre of the town the traffic related resuspension of the coarse particles should be also taken into account. 
SIMS analysis of the chosen species
The preliminary ToF-SIMS experiments showed that positive ions of mineral origin: K + , Ca + , Mn + , FeH + and organic: CH Lack of proper standard reference materials for SIMS measurements of the surface deposited species limits absolute quantification by this method. However, this technique can be successfully applied for the investigation of relative changes or trends in the examined dust fractions.
Peak intensities of analyzed ions in the negative ToF-SIMS spectra of different dust fractions for the Kiliński St. are presented in the Table 1 . Table 1 The negative ions emission intensities (number of counts) from dust particle surface.
Particle
ToF-SIMS peak intensity of negative ions size range µm The general trends in concentration distribution are partially hidden by fluctuations between the adjacent narrow fractions. Therefore, for evaluation of the possible aerosol source apportionment, we combined the results from neighboring fractions to the three groups (Table 2) . For comparison purpose, to get a relative concentration of each surface species characterized by analyzed ions, the number of counts for each ion in these groups was divided by the maximal number of counts of this particular ion within these three groups. The relative intensity of the positive ions emission from particle surfaces of such chosen groups is presented in Figure 3 . The highest level of Ca, K, Fe and Mn were found on the surface of coarse and medium fraction of particles for two sites within the center of the city (Fig. 3a and 3c ) with a substantial drop of concentration for fine fraction. As these elements, together with Si, are the main components of surface soil, the soil resuspension can be recognized as the main source of medium and coarse fraction particles in the center of the city. However, for the suburban area (Fig. 3b) decrease of concentration of these elements for coarse fraction indicates its different origin than soil resuspension. The high emission of carbon and sulfur containing negative ions from the surface of coarse fraction particles collected at Szkolna St. (Fig. 4b and 5b) suggests substantial contribution of the domestic heating in the forming of these aerosol particles. 
Hydrocarbons from motor vehicle exhausts are most abundant at the surface of finest fraction particles for all sites. This was confirmed by the highest intensity of CH In the case of negative ions, for clarity of presentation, emission intensity of carbon containing ions is presented separately (Fig. 4) from the remaining nitrogen and sulfur containing ions (Fig. 5) . These two groups of ions show similar distributions for each particular site. The figures presented indicate that also the negative ions' emission intensity shows strong dependence on particle fraction and the site. Particularly, for the Wróblewski St., which is placed close to a power plant, most of the negative ions emission -
occur for fine particle fraction indicating that adsorbed compounds are direct products of energetic coal burning [7] . Additionally, high intensity of NO − 2 ions, characteristic of vehicle exhaust emissions [13] , also shows that this source contributes to fine particle fraction for this site. An inverted trend in the relative intensity of negative ion emission is observed for the suburban area (Szkolna St.) for which most of the negative ions emission occur for the coarse fraction particles (Fig. 4b) . The high intensity of carbon containing
, characteristic of soot particles, indicate that domestic coal burning is an important source of coarse particulate matter at this site [14] . The highest relative emission intensity of SO ions from surfaces of coarse particles is due to high content of sulfur in coal [15] . Moreover, the observed enhanced NO − 2 ion emission from coarse fraction from Szkolna St. can be attributed to nitrates originating from fertilizers in resuspended soil particles.
A more complex situation is observed for the Kiliński St. where several emission sources play a comparable role. High emission of C
ions for fine and coarse fraction shows that both the power plant and domestic heating contribute to a comparable extent to the emission of carbon and sulfur compounds in the dust. Furthermore, we observed high NO Kiliński St., which is known for heavy traffic, proving that fuel combustion is a significant source of fine particles at this site.
Particle source identification using Principal Component Analysis (PCA)
In order to obtain a more detailed description of particle sources for individual sites PCA analysis is often applied [10, 16] . This multivariate method allows to reduce the number of variables (analyzed ions) which are combined to define the new principal component axis [17] . Thus, the results for individual samples (ToF-SIMS spectra of particle surface) can be analyzed by interpreting a smaller number of variables which are a linear combination of the original variables. In particular, three matrices are produced as result of PCA analysis: the scores, the loadings and the residuals. In these studies, the scores describe the position of individual particle surface ToF-SIMS spectrum in PC's space and can be characterized by the amount of particular principal component. Loadings show the contribution of the original variables (ion peak intensity in ToF-SIMS spectrum) to the individual PCs. Originally we analyzed nine aerosol fractions, which were later combined to form three different groups for each of the three sites. Therefore, in this case PCA analysis can not lead to clearly conclusive relations. However, even for such limited data some relations can be elucidated. Fig. 6 shows a corresponding scores plot, presenting the negative ion ToF-SIMS spectra in coordinates of the first two principal components, which describe 95 % of the variation in the data. The observed spread of the points in the score plot clearly indicates differences in the chemical composition of particle surfaces. Relatively small separation of the spectra for medium fraction particles suggests that they have a similar chemical composition and, in turn, a common source.
Fig. 6
Scores plot from PCA of negative ion spectra of particle surface.
It is especially noticeable that principal component 1 separates fine fraction particles from Wróblewski St. and coarse fractions from Szkolna St. and Kiliński St. from the rest of the fractions. Additionally, a large separation along PC2 axis is observed for fine particle spectra from Kiliński St. relative to other sites. The corresponding loadings plot (Fig. 7) showed that PC1 has a comparably high negative contribution from all analyzed negative ions. Nevertheless, taking into account that coal burning has already been identified as the main source of fine fraction particles from Wróblewski St., a PC1 factor can be recognized as a characteristic for coal burning.
According to this high values of PC1 observed for fine fraction from Wróblewski St. and for the coarse fraction from Szkolna St. indicate high contribution from domestic burning of coal.
Contrary to PC1 the other principal component PC2 is characterized by more selective loads with significant positive inputs only from NO − 2 and HSO − 4 ions. As NO x are usually attributed to traffic sources, this observation shows that PC2 can be used to estimate Fig. 7 Loading plot for PC1 and PC2 from PCA of negative ion spectra of particle surface.
vehicle fuel burning contribution to fine fraction particles. The highest value of PC2 for the ToF-SIMS spectrum of fine particle from Kiliński St. clearly indicates, a relatively high input of fuel burning products to the total concentration of fine particles.
PCA analysis of positive ion ToF-SIMS spectra are not presented here. It turned out to be less informative due to the fact that the first three principal components must be taken to describe 94% of data variation and additionally they are characterized by the complicated loading pattern.
Conclusions
Analysis of the surface composition of the urban aerosol particles by the ToF-SIMS method allows comparison of the relative concentration of both mineral components and carbon-containing species coming from different sources: soil dust resuspension, coal combustion or vehicle exhaust. The distribution of these compounds between fine, medium and coarse fractions of the aerosol particles depends strongly on the input of the emission sources at the site analyzed. Particularly in the suburban area approximately up to 60% of carbon (Fig. 4b) and sulfur (Fig. 5b) containing species is connected with the coarse fraction coming mostly from domestic coal burning. The opposite situation occurs in the area close to the power plant, where the substantial part of these species (40 to 80% of the total amount) is bound to fine particles escaping from the power plant electrofilters (Fig. 4a and Fig. 5a ). A different situation is observed in the center of the town (Kiliński St.), high traffic being responsible for the emission of fine particles with vehicle exhaust products and comparable input of coarse particles from domestic heating (Fig. 4b and  Fig. 5b ).
The observed positive secondary ions emitted from particles surfaces come mostly from mineral components (except for hydrocarbons). Therefore, as one can expect, their highest relative concentrations occur in the medium and coarse fractions. It is especially visible for the Kiliński St., with the highest traffic. In this place, the highest relative contents of mineral compounds are observed for the medium fraction with comparable contribution from coarse fraction. Both these fractions are formed by direct and traffic related soil resuspension.
In the case of the most dangerous hydrocarbon species being fuel combustion products, their maximum concentration is observed in fine particle fraction < 1.8 µm. Therefore, these results confirm the necessity of the determination of their concentration not only in the total suspended matter but also in the PM 2.5 fraction, efficiently deposited in the human respiratory system.
